We report a MOPA (master oscillator -power amplifier) pulsed optical fiber source emitting high-brightness radiation (M 2 = 1.65) in the "eye-safe" 1.55 µm region. A high pulse energy of 1.15 mJ was reached at low repetition rates while the maximum average output power was 2.2 W at a wavelength of 1562 nm.
High power pulsed lasers and amplifiers based on erbium and erbium-ytterbium doped fibers have received much attention in recent years due to advantages like compactness, versatility, efficiency, "eye-safe" wavelength operation, high brightness, and compatibility with telecom components at 1550 nm. An all-fiber system is attractive for mobile LIDAR systems 1,2 which require low weight, compactness, and reliability,. In recent years, a number of eye-safe pulsed optical fiber sources have been described in the literature [3] [4] [5] [6] [7] [8] , though with pulse energies significantly less than 1 mJ. There are three main approaches f or these devices:
In one approach, a DFB semiconductor master oscillator is amplified by a cascade of erbium 3, 4 or erbiumytterbium 5 doped fiber amplifiers. Relatively high pulse energy (e.g., 0.158 mJ 4, 5 up to 0.5 mJ 3 ) and significant peak power (tens and even hundreds of kW) have been demonstrated with these devices. However, the average power is rather modest (100-300 mW). Moreover, these sources suffer from the disadvantage that they are rather cumbersome with multiple amplifies and numerous bulk elements hence limiting their applicability.
The second approach is to use an actively Q-switched high power fiber laser [6] [7] [8] . Pulse energy as 180 µJ (45 ns, 3.6 kW peak power) 6 and even 0.85 mJ (80 ns, 10 kW peak power, M 2 < 2) 7, 8 have been demonstrated, but with average powers limited to 90 mW and 134 mW, respectively. Finally, by combining of the two approaches above, an actively Q-switched fiber laser (master oscillator) was amplified by an erbium-doped fiber amplifier (EDFA) in a simple MOPA scheme 9 . However, the pulse energy and average output power were limited to 40 µJ and 100mW respectively at repetition rate of 2.5 kHz.
In this paper we present a pulsed MOPA source operating in the eye-safe wavelength region (~ 1.55 µm) and producing pulse energies exceeding 1 mJ. It consists of an actively Q-switched erbium-ytterbium fiber ring laser (master oscillator) and a high power large core Er-Yb fiber amplifier (power amplifier).
Our experimental setup is shown in Fig. 1 . The ring laser contains a high power erbium-ytterbium doped fiber amplifier (EYDFA) with 1 W output power, a 3 dB coupler, an acousto-optical modulator (AOM) and an isolator. The output from the laser is delivered from a standard single-mode fiber. The length of the passive fiber from the Er-Yb codoped fiber to the free end of the standard single-mode fiber was approximately 1 m. The AOM is on-off modulated with an electric pulse train with repetition rate between 0.05 and 5 kHz, and pulse duration between 0.1 and 2 µs. The laser emits pulses with a duration between 50 and 500 ns depending on the pulse energy and the gating time. The longer pulses are in turn split into a finer structure consisting of pulses with 50 ns duration and 70 ns period (corresponding to a round-trip cavity time) (See Fig. 1, inset ). This behaviour is well known and has been investigated earlier [10] [11] [12] . * e-mail vap@orc.soton.ac.uk; phone +44 23 8059 4531, fax +44 23 805 3142 The dependence of pulse energy on the pump current to the EYDFA in the Q-switched fiber laser is shown in Fig. 2 . The repetition rate was 2 kHz, and the "gate" duration was 1.2 µs. A pulse energy meter was used for this and other measurements of the pulse energy. The pulse energy does increase with the pump current, and gradually saturates (Fig. 2.) . The maximum achieved pulse energy is 85 µJ, for an average output power of 170 mW). Typical optical spectrums are also shown in Fig. 3 . The emission spectrum broadens when the pump current increases via Raman selffrequency shift 19 . Fig.3 . Family of spectrums of the fiber ring laser (master-oscillator) for different pump current. Repetition rate 2kHz, "gate" duration 1.2µs. This is enhanced by the relatively long lengths of standard single-mode fiber in the laser, in the cavity as well as on the outcoupling port.
The power amplifier consists of a 10-m long large core diameter (LCD) D-shaped double-clad Er-Yb co-doped fiber with a 35 µm core diameter and a 375 µm outer diameter. The pump absorption at 915 nm is around 1 dB/m. Largecore fibers are often used in amplifiers in order to increase the stored energy and to increase the stimulated Brillouin scattering (SBS) threshold 8, 15 , by reducing the core power density. While these fibers are intrinsically multimode, earlier work [13] [14] [15] [16] [17] [18] has demonstrated theoretically and experimentally, that it is still possible to achieve fundamental mode propagation in such fibers. A number of authors have demonstrated different techniques for mode selection [13] [14] [15] [16] [17] [18] . Koplow [13] [14] , and, later, Liem 15 used bend losses to suppress high order modes. Sousa and Okhotnikov have used a fiber with a special dopant profile to promote the fundamental mode 16 . The same authors have investigated a so called "flared amplifier" which consists of three fibers with increasing core diameters spliced together into a single flared amplifier fiber. Although the M 2 value which was obtained in this paper was close to the diffraction limit, the largest core diameter was limited to 27 µm 16 This would limit the stored energy and yield unacceptably low threshold for SBS for many LIDAR application.. Even larger cores would improve the fiber in both of these aspects. Fermann theoretically and experimentally demonstrated 18 , that, using fiber with a large outer diameter which is excited by a gaussian beam modematched to the fiber's fundamental mode distribution, it is possible to achieve single mode propagation in a 23.5 m long fiber with a core diameter of 45 µm and an outer diameter of 250 µm.
The fiber in our power amplifier is highly multi-moded with a V-value of ~14. In order to achieve highbrightness operation we endeavored to excite only the fundamental mode of the LCD fiber. The seed from the pulsed laser is launched from the standard single-mode fiber into the high power LCD fiber amplifier via a short (1 mm) taper (Fig. 1, inset) . The taper is designed for two important properties: On the one hand, as the taper is much longer than the confocal length of the beam, the mode size conversion becomes adiabatic. On the other hand, the length of this taper is rather short (1mm), so there neglegible mode coupling along the taper's length. As a result, under optimum conditions, it is possible to excite only the fundamental mode of the 35µm-core active fiber. Furthermore when a pulse propagates in a fiber with a large outer diameter (375 µm) the mode coupling coefficient (scattering coefficient 18 ) is two orders of magnitude smaller than in SMF28 18 . This allows fundamental-mode propagation in the LCD fiber. The power amplifier was pumped by two different pump sources: a diode source at 915 nm (pump power up to 11 W) and at 972 nm (with power up to 25 W) respectively.
The small signal gain is around 18 dB with the 915 nm pump source at launched 8.5W pump power. The pulse energy as a function of the absorbed pump power is shown in Fig. 4 . The dependence of the pulse energy on the repetition rate is shown in the Fig.5 . This dependence has a "resonance", with a reduction of pulse energy at the lowest repetition rates. This may be explained by the gain saturation in the amplifier arising from the ASE from the Q-switched laser injected into the power amplifier between pulses. This effect was observed earlier 4 . The maximum pulse energy achieved was 1.03 mJ (2 kHz, 8.4 W pump power) for 915 nm pumping and was 1.15 mJ (700 Hz, 21.8 W pump power) at 976 nm. The output pulse energy depended on the shape of the seed pulse from the ring laser (Fig. 1, inset) . As noted above, the ring laser emits envelops of a pulses with a duration of 50 ns and a 70 ns period. Passing throughout the amplifier, each pulses gains consequently with the saturation. It leads to the broadening of the initial envelope. So, an initial 70-ns pulse envelope (Fig. 6 ) transforms itself into a 575-ns envelope while increasing its energy from 58 µJ up to ~ 1 mJ. Fig.6 . Typical pulse shapes at the output of the large-core EYDFA. Rapetition rape 2kHz, "gate" duration 1.2µs.
Typical temporal shapes and pulse duration of the amplified pulses are shown in Fig. 6 . The pulse duration increases almost linearly with pulse energy (Fig.6, inset) . Thus the pulse energy increases with the pulse duration while the peak power changes only little. The maximum peak power reached is 1.75 kW. The maximum average power is 2.2 W.
Output signal spectra are shown in Fig. 7 . The typical spectral width at 1 mJ energy is around 7 nm FWHM. The spectral shape strongly depends on the pump level (Fig. 7 ) and becomes narrower with increased pump power (pulse energy). The intensity beam profile is shown in Fig.8 . The intensity distribution is well approximated by a Gaussian fit and M 2 = 1.65 has been measured. In conclusion, we report high energy pulsed emission (> 1 mJ at 2 kHz) at an "eye-safe" optical wavelength of ~ 1560 nm from an all-fiber MOPA configuration. It comprised a Q-switched Er:Yb fiber ring laser (master oscillator) that was followed by a high power Er:Yb large-core diameter fiber amplifier.. The output beam has a gaussian distribution with M 2 =1.65.
